We study variation of the proton-to-electron mass ratio µ = m p /m e by incorporating standard model (SM) of particle physics into the ΛCDM model. We show that the evolution of the Higgs vacuum expectation value (VEV), with expansion of the Universe, leads to the variation of the proton-to-electron mass ratio. This is because the electron mass is proportional to the Higgs VEV, while the proton mass is mainly dependent on the quantum chromodynamics (QCD) energy scale, i.e., Λ QCD . Therefore, using the experimental and cosmological constraints on the variation of the µ we can constrain the variation of the Higgs VEV. This study is important in understanding the recent claims of the detection of a variation of the proton-to-electron mass ratio in quasar absorption spectra.
Introduction
The assumption of the constancy of the constants plays an important role in astronomy and cosmology, especially with respect to the look-back time measured by the redshift. Refusing the possibility of varying constants could lead to a distorted view of the Universe and, if such a variation were founded, corrections would have to be applied. Therefore, it is important to investigate this possibility, in particular as the measurements become more and more strict. The history of these investigations traces back to early ideas in the 1930s on the possibility of a time variation of the gravitational constant G by Milne [1] and the suggestion by Dirac of the large number hypothesis [2, 3] which led him also to propose in 1937 the time evolution of G.
Clearly, the constants have not undergone enormous variations on solar system scales and geological time scales, and one is looking for tiny effects.
There are some reviews on the time variation of the constants of nature, for example see [4, 5, 6, 7] .
The proton-to-electron mass ratio µ ≡ mp me is another important dimensionless constant that may evolve with cosmic time. This ratio is effectively the ratio of the strong and electroweak scales. The molecular absorption lines spectra, as first pointed out by Thompson [8] , can provide a test of the variation of µ. The variation of this ratio has been measured using quasar absorption lines [9, 10, 11, 12, 13, 14] . Motivated by these observations of quasar absorption systems, some theories have been proposed, for example see [15, 16, 17, 18, 19, 20, 21, 22] . In this paper, considering the standard model of particle physics and ΛCDM model, we propose another scenario in which the proton-to-electron mass ratio varies with cosmic time.
According to the standard model of the particle physics, the masses of elementary particles, including the electron mass, is proportional to the vacuum expectation value (VEV) of the Higgs boson while the proton mass is mainly determined by the scale of quantum chromodynamics (QCD), i.e., Λ QCD [23] . Therefore, the variation of the Higgs VEV, ν, leads to a variation of the electron mass m e while the proton mass m p almost remains constant (We have also supposed that Yukawa coupling constant between Higgs boson and electron is time-independent). On the other hand, there must be a time, for example the time of electroweak phase transition, when Higgs VEV were different from what is today. Therefore, it is natural to expect that Higgs VEV has been varied during cosmological epochs.
In the next section we discuss the variation of the electron mass and proton mass with the evolution of the Higss VEV. The study of the evolution of the Higgs VEV in cosmological context comes next. Finally, in the conclusion section, using experimental and cosmological observations, we put a constraint on the variation of the Higss VEV.
Standard Model and electron/proton mass
The Higgs boson is presumed by the electroweak theory initially to explain the origin of particle masses. In the Standard Model of particle physics, the mass of all elementary particles is proportional to the Higgs VEV. Therefore, for the electron mass as well as the quarks masses, we have m e,q = λ e,q ν,
where λ e,q is the Yukawa coupling and ν is the Higgs VEV. On the other hand, how the proton mass is related to the Higgs VEV is another question.
The total proton mass is 938 MeV, while the masses of the valence quarks in the proton are just 3 MeV per quark which is directly related to the Higgs VEV. The quark and gluon contributions to the proton mass can be provided by solving QCD non-perturbatively. The proton mass m p is a function of Λ QCD and quark masses. In the chiral limit the theory contains massless physical particles. In this limit m p is proportional to the QCD energy scale Λ QCD and it does not change with variation of the Higgs VEV.
Considering quark masses, the quark mass expansion for the proton mass has the structure [23] 
One can derive a separation of the nucleon mass into the contributions from the quark, antiquark, gluon kinetic and potential energies, quark masses, and the trace anomaly [24] . The QCD Hamiltonian can be separated into four gauge-invariant parts
with
where ψ is the quark field, and E and B are electric and magnetic gluon field 
In Eq. (2.9), as we discussed before, we have assumed the quark mass term, According to Eqs. (2.8) and (2.9), the cosmological evolution of the Higgs VEV would lead to a cosmological variation of the proton-to-electron mass ratio µ:
where ∆ν/ν ≡ (ν z − ν 0 )/ν 0 for ν 0 and ν z the present value of the Higgs VEV and its value in the absorption cloud at redshift z, respectively.
In order to provide another estimation for ∆mp mp as function of ∆ν ν , we consider the relation between top quark mass and proton mass discussed in [26] . In [26] 12) which is in good agreement with Eq. (2.9).
In the following, incorporating Higgs sector of the standard model of particle physics into the ΛCDM model, we will show how the Higgs VEV, and consequently the proton-to-electron mass ratio, varies with cosmic time.
3 Expansion of the Universe and evolution of the Higgs VEV
The Universe is isotropic and homogeneous, at least as a first approximation.
This assumption will lead us to the Robertson-Walker metric. Almost all of modern cosmology is based on this metric:
where K is the curvature signature and a(t) is the scale factor. Homogeneity and isotropy suggest the energy-momentum tensor of the Universe take the form of a perfect fluid energy-momentum tensor. Gravitational field equations of Einstein for the Robertson-Walker metric, Eq. (3.1), with the energy momentum-tensor of a perfect fluid, leads to the fundamental
2) and the energy-momentum conservation law:
where ρ and p are the energy density and the isotropic pressure of the Universe, respectively.
Now consider the Higgs sector of the standard model (in unitary gauge)
with the following Lagrangaian Time-dependent Higgs VEV is also studied in [27] considering dynamics of the standard model of particle physics alone. In this work, it has been shown that variation of the Higgs VEV leads to the non-adiabatic production of both bosons and fermions. There are other motivations for time-dependent Higgs VEV as well. For example in [28] , the structure of the Higgs potential has been derived from a generalized Brans-Dicke theory [29] containing two interacting scalar fields. By requiring that the cosmological solutions of the model are consistent with observations, it has been shown that the effective scalar field potential adopts the Higgs potential form with a mildly time-dependent Higgs VEV. We conclude that time-dependent Higgs VEV is a natural assumption specially in the context of gravity and cosmology. Motivated by these arguments, here we assume the Higgs VEV could be time-dependent, i.e., ν = ν(t). However, this does not mean that it certainly varies with time. We just consider it as a well-motivated possibility. Therefore, keeping an open mind on this possibility, we let equations determine the dynamics of its variation. In the end, one can constrain its variation using experimental data and cosmological observations. Now consider this action: 5) in which the Higgs VEV may vary with cosmic time as we have already argued. The scalar field energy density and pressure become
Now for the vacuum expectation value of H we have H V = ν(t). Therefore, energy density and pressure of the vacuum are:
Energy-momentum conservation law, Eq. (3.3), for the vacuum field H V = ν(t) with a equation of state of the form (3.8) leads to
We should consider contribution of ρ V in Friedmann equation:
where ρ M ∝ a −3 , ρ R ∝ a −4 , and ρ Λ are the energy density of the (nonrelativistic) matter, radiation, and cosmological constant, respectively.
The critical present density (ρ 0,crit ), corresponding to K = 0, is,
where H 0 ≡ȧ
is the present Hubble constant. Using Eq. (3.11) and x ≡ a(t) a(t 0 ) , we may rewrite Eq. (3.10): 12) where
and
According to Eqs. (3.9), (3.11), and (3.13), we havė 14) where N is a dimensionless number depending on Ω V ,
In Eq. here. Using these approximation, Eq. (3.12) giveṡ
Eqs. (3.9) and (3.14) leads toẏ
where y ≡ ν(t) ν(t 0 ) . Finally, according to Eqs. (2.10), (3.17) , and (3.18) we get
We can find the integral in Eq. (3.19) using integration by substitution method. If we make the substitution u = Ω Λ + Ω M x −3 , we obtain: Figure 1: Variation of the proton-to-electron mass ratio versus redshif z for different N s; there are also some constraints from observations listed in Table 1 .
In Fig. 1 , using Eq. (3.20), variation of the proton-to-electron mass ratio ∆µ/µ has been plotted against redshift z for different N s. We have used Ω M = 0.3 and Ω Λ = 0.7, according to ΛCDM model. There are also some observational results, as can be seen in Fig. 1 . The observational data that we have used can be found in Table 1 Table 1 : Some cosmological constraints on variation of the proton-toelectron mass ratio from different quasars with different redshifts.
In our calculation, there is only one free parameter, N , that can be adjusted to fit the observational data. However, the ratio of variation of the protonto-electron mass ratio for different redshifts does not depend on N :
(∆µ/µ)(z 1 ) (∆µ/µ)(z 2 ) = Ω Λ + Ω M (1 + z 1 ) 3 − 1
Therefore, one can predict this ratio using only ΛCDM parameters, i.e., Ω Λ
and Ω M . This means that our model, which is based on standard models of particle physics and cosmology, is falsifiable. Observations listed in Table   1 indicate the proton-to-electron mass ratio could have decreased in the past 12 Gyr. There are also other observations which set a constraint on a varying proton-to-electron mass ratio of | ∆µ µ | < 5 × 10 −6 (3 − σ) holding for redshifts in the range z = 2.0 − 4.2, for a review see [39] . According to Eq. (2.10) this directly constrains the variation of the Higgs VEV. Finally, we should mention that environmental conditions, such as the presence of strong gravitational fields [40] , can affect the variation of the proton-toelectron mass ratio, and these effects can distort look-back times effects discussed here.
